Rationale: The impact of modern treatments of pulmonary arterial hypertension (PAH) on pulmonary vascular pathology remains unknown. Objectives: To assess the spectrum of pulmonary vascular remodeling in the modern era of PAH medication. Methods: Assessment of pulmonary vascular remodeling and inflammation in 62 PAH and 28 control explanted lungs systematically sampled. Measurements and Main Results: Intima and intima plus media fractional thicknesses of pulmonary arteries were increased in the PAH group versus the control lungs and correlated with pulmonary hemodynamic measurements. Despite a high variability of morphological measurements within a given PAH lung and among all PAH lungs, distinct pathological subphenotypes were detected in cohorts of PAH lungs. These included a subset of lungs lacking intima or, most prominently, media remodeling, which had similar numbers of profiles of plexiform lesions as those in lungs with more pronounced remodeling. Marked perivascular inflammation was present in a high number of PAH lungs and correlated with intima plus media remodeling. The number of profiles of plexiform lesions was significantly lower in lungs of male patients and those never treated with prostacyclin or its analogs. Conclusions: Our results indicate that multiple features of pulmonary vascular remodeling are present in patients treated with modern PAH therapies. Perivascular inflammation may have an important role in the processes of vascular remodeling, all of which may ultimately lead to increased pulmonary artery pressure. Moreover, our study provides a framework to interpret and design translational studies in PAH.
The modern treatment of pulmonary arterial hypertension (PAH) has led to substantive advancements in patients' quality of life and survival, significantly improving on the grave prognosis historically associated with the disease (1, 2) . With the restrictions regarding obtaining lung tissue for diagnosis, the endpoints for effectiveness of the current therapies are largely based on assessments of exercise performance and reported quality of life, time to clinical deterioration, and/or measured physiological performance (e.g., 6 -min walk test). Whether prostacyclin and its analogs, endothelin receptor blockers, and phosphodiesterase type 5 inhibitors modify the spectrum of pulmonary vascular lesions in PAH has not been addressed with a large cohort of lungs with the disease.
Several large series, heavily reliant on autopsy samples, highlighted pulmonary vascular alterations that characterize the pulmonary vascular remodeling in idiopathic PAH (IPAH) and PAH associated with congenital heart disease (CHD) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (see Table E1 in the online supplement). Eccentric and obliterative intima thickening are largely composed of smooth muscle cells and myofibroblasts. A similar cell composition underlies media thickening, which is regarded as the signature process in pulmonary hypertension (15) . In addition, most of the causes of severe pulmonary hypertension also 
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Severe pulmonary arterial hypertension is associated with distinct and pronounced pulmonary vascular and nonvascular lung pathology. The last reports of the pathology of severe pulmonary hypertension date back approximately 2 decades, well before use of current therapies for the disease.
What This Study Adds to the Field
The current work systematically examines the largest assortment of lungs collected from transplanted patients with idiopathic and associated pulmonary arterial hypertension in the past 2 decades. Our study reveals that in patients with advanced disease, there is a distinct spectrum of pulmonary vascular and nonvascular pathologies, including localized interstitial and perivascular inflammation. In this set of patients, who were enrolled for lung transplantation while being treated with the modern armamentarium of drug therapies, the appearance of classical pulmonary vascular lesions related to the disease was unaffected. Our results provide a unique insight into the spectrum of these pathological alterations, which can inform future translational work.
exhibit a disorganized growth of primitive endothelial cells that form plexiform lesions. The latest comprehensive morphometric assessment of pulmonary vascular remodeling dates back almost 20 years (11) . The aggregate of past pathological studies of PAH consequently lacked insights into how modern therapies may affect parameters of pulmonary vascular remodeling and perivascular inflammation.
Given the difficulty of obtaining early diseased lung tissue, analysis of explanted lungs from patients undergoing lung transplantation remains the main source of tissue for translational studies in PAH. The Pulmonary Hypertension Breakthrough Initiative (PHBI), a North American network created to accrue lung tissue for translational studies in PAH, has systematically recruited patients with PAH listed to lung transplantation for the past 5 years. This effort led to the creation of one of the largest modern banks of diseased lung tissue devoted to state of the art investigations of pulmonary vascular disease biology.
Our study describes the histopathology and pulmonary vascular morphometry of explanted lungs of patients with PAH and control subjects. Our data provide a critical framework to guide investigations of advanced pulmonary vascular disease, underscore the important clinical challenges in patients with advanced PAH, and offer key insights into the apparent heterogeneity of PAH pathological features found in the modern era of pulmonary hypertension treatment and research.
METHODS Pulmonary Hypertension Breakthrough Initiative
The organization of the PHBI, under the direction of the Cardiovascular Medical Research Fund, is outlined at http://www.ipahresearch.org/.
Enrolment of Patients and Clinical Datasets
Clinical data were obtained for the 62 patients with PAH, and 28 failed organ donors serving as normotensive control subjects, enrolled in the PHBI from April 2006 to August 2011 (for collected clinical data at enrollment, see Table E2 ). The present study was approved by the Colorado Multiple Institutional Review Board. Lung tissue collection was approved by each Institutional Review Board at all lung transplant sites. BMPRII and SMAD9 mutations were assessed as described in the online supplement.
Lung Tissue Processing
The PHBI implemented a standardized tissue-processing protocol detailed in the online supplement.
Histological and Morphometry Analyses
For each case, sections from 12 separate tissue blocks were stained with hematoxylin and eosin for histological analysis of pulmonary tissue. Sampling, pathological analyses, and quantification, including inflammatory score, are summarized in the online supplement, Table  E3 and Figures E4 and E11.
Statistical Analysis
Statistical analyses are outlined in the online supplement.
RESULTS

Patient Characteristics
In total, lungs from 62 patients with a diagnosis of PAH and 28 control subjects were accrued from April 2006 to August 2011 (demographics for all patients and pulmonary hemodynamics for patients with PAH are reported in Table 1 and Figure 1 ). Table E4 .
Control Lungs
Twenty-two (79%) control lungs had preserved alveolar architecture and morphologically normal pulmonary arteries. Six control lungs had pulmonary arteries with pronounced thickening of primarily media and without evidence of plexiform lesions ( Figure E3 ). These lung donors were significantly older when compared with donors with normal pulmonary arteries ( Table  1 ; P , 0.01, Student t test). Potential causes of the pulmonary vascular remodeling included one lung each with venoocclusive alterations, smoking-related changes, and thromboembolic disease; three lungs had no apparent pathological cause for vascular remodeling. Incidental pathological findings in the 28 cases of failed donor lungs included acute bronchopneumonia (11, 39%), recent thromboemboli (9, 32%), and focal emphysematous changes (9, 32%). Subsequent morphometric analyses were restricted to the 22 lungs with normal pulmonary arteries (see online supplement).
PAH
We initially interrogated whether the PAH lungs, irrespective of the underlying cause of disease, showed distinct pulmonary vascular remodeling compared with control lungs. All lungs in the PAH group (n ¼ 62) exhibited variable degrees of arterial media and intima remodeling. Plexiform lesions were found in 56 (90%) cases. Incidental pathological findings of mild emphysematous and/or fibrotic changes were observed in eight (13%) patients, who had, however, preserved pulmonary function (Table 1) . Morphometric intima and media fractional thicknesses were significantly higher in the PAH group when compared with control lungs; no differences were noted with adventitia thickness (Figure 2 ). These findings were also confirmed by the complementary measurements of significantly increased intima plus media volume density in relation to alveolar septa when compared with control lungs (1.4-fold, P , 0.001) ( Figure 2D and Figure E4 ). Notably, there was a marked overlap of media (55, 88.7%) and adventitia (61, 98%) fractional thickness, but less of intima (15 of 62, 24.2%), with 95% range of the values seen in control lungs (Figure 3) . In PAH lungs, no significant correlations were detected among the morphometric parameters of pulmonary vascular remodeling (i.e., media vs. intima fractional thickness, etc.; Figure E5 ).
Media fractional thickness correlated with both the mean pulmonary arterial pressure (mPAP) (P , 0.05) and pulmonary vascular resistance (PVR) (P , 0.05). The intima plus media fractional thickness had a borderline correlation with mPAP and PVR in the overall PAH group (P ¼ 0.064 and P ¼ 0.058, respectively). In contrast, no correlations were detected between adventitia fractional thickness and pulmonary hemodynamic parameters (Figure 4 ). Neither the average number of profiles of plexiform lesions nor the subset of lesions fed by muscular arteries correlated with mPAP ( Figure E6 ). Total wall thickness was lower in whites compared with Asians (P , 0.05); however, no significant correlations were detected between intima or media fractional thickness with race, nor between vascular morphometric parameters and sex. Intima plus media fractional thickness showed a negative correlation with patients' age; on the other hand, age of patients with familial PAH showed a close correlation with mPAP and PVR (P , 0.05). Interestingly, female patients with PAH had 2.8-fold higher number of plexiform lesion profiles when compared with their male counterparts (P , 0.001) ( Figure E7 ).
We detected thrombi (recent or old) in 31 of 62 (50%) of PAH lungs. Of the 31 patients with thrombi, 13 (42%) were subjected to anticoagulation with either warfarin or low molecular weight heparin. Of those without thrombi, 21 (68%) were anticoagulated (Chi-square, P , 0.05) ( Table 1) .
In the vast majority of nonneoplastic pulmonary diseases, a spectrum of pathological alterations in the lung can be shared among multiple lung diseases; indeed, similar pulmonary vascular lesions are seen in lungs compromised by the multiple causes of PAH (17) . For subsequent analyses, PAH lungs were segregated based on the pathological pattern most suggestive of a specific clinical diagnosis (14, 16) : IPAH-like pattern (muscular remodeling and endothelial cell proliferative plexiform lesions) (n ¼ 48), APAH-CVD-like pattern (interstitial disease with marked muscularization of precapillary arteries) (n ¼ 12), or VOD-like pattern (n ¼ 2). The correlation between the clinical diagnosis at the time of enrollment and the histologic patterns is shown in the Table E4 .
IPAH-like pattern. Demographics and pulmonary hemodynamics are shown in Table 1 . In the cases of IPAH-like pattern, we observed variable vascular remodeling. Muscular arteries showed eccentric and concentric intima thickening, sometimes with complete occlusion of the lumen, and pronounced media thickening. The precapillary arteries showed a marked muscularization in most of the IPAH-like lungs. Plexiform lesions were encountered in all lungs ( Figure 5 ). We found recent (n ¼ 11), organized (n ¼ 20), or recent and organized (n ¼ 9) arterial thrombi in 24 (50%) patients of the IPAH-like group.
Overall, there was a high concordance (45 of 48, 94%) between the pathological pattern and the clinical diagnosis. The three cases in which the histologic and clinical diagnoses differed consisted of one clinically diagnosed chronic thromboembolic disease and two VOD cases, which under microscopic examination exhibited IPAH-like pattern (Table E4 ). APAH-CVD-like pattern. The demographics and pulmonary hemodynamics for the APAH-CVD-like pattern group (n ¼ 12) are listed in Table 1 . Overall vascular remodeling of the muscular arteries was similar to the IPAH group. However, the APAH-CVD cases also showed areas with marked interstitial inflammation as well as fibrotic changes. Morphological alterations were more pronounced in the smaller-sized and precapillary arterial branches. Plexiform lesions were found in eight (66%) lungs ( Figure 6 ). We found recent arterial thrombi in five (42%) patients with the APAH-CVD-like histological pattern.
There was agreement between the APAH-CVD pattern and the matched clinical diagnosis in five patients. Of the remaining seven patients with an APAH-CVD-like pattern, four carried a clinical diagnosis of IPAH, one VOD, and two anorexigen-associated PAH (overall discrepancy rate of 58%) (Table E4) .
VOD-like pattern. Both patients of the VOD-like pattern group (n ¼ 2) were female and white (Table 1) . Both cases displayed pronounced thickening of the venous intima and focal obliterations of the venous lumen. In some lung regions, prominent capillaries were present. The arterial changes were similar to those seen in the precapillary forms of PAH, including intimal obliteration found in some muscular arteries and focal medial hypertrophy. Plexiform lesions were absent in both cases ( Figure E8 ). We found arterial thrombi in both patients (in the first, recent and organized, and in the second, only organized, i.e., old). Clinically, one patient had been diagnosed as having VOD and the other IPAH.
Pathological Pattern Correlations with Hemodynamic and Morphometric Parameters
Mean pulmonary arterial pressure did not differ among the main histological patterns ( Figure 7A ), but there was a significant difference between IPAH-like pattern and APAH-CVD-like pattern for PVR ( Figure 7B , P , 0.01). In the IPAH-like pattern group, there was no significant difference in mPAP after stratification into different causes based on clinical data, yet cases due to CHD tended to have higher pulmonary artery pressures ( Figures 7C and 7D) . Statistically significant differences in intima and intima plus media fractional thickness were observed between control lungs and all PAH pathological subgroups ( Figure E8 ). In contrast to the comparison of control lungs versus PAH lungs (Figure 2 ), no significant differences were detected in media fractional thickness among PAH subgroups when compared with control lungs (Figures 8A-8C ). FPAH and IPAH lungs with BMPRII mutations (n ¼ 4) had increased intima thickness compared with those without mutations (n ¼ 34, P , 0.05) (with no differences in media or adventitia thickness) ( Figure 8D , Table E5 ). Stratifying the IPAH-like pattern group into clinical subgroups, we found no statistically significant differences in morphometric measurements or profiles of plexiform lesions among these groups (Figure E9) .
PAH cases were next stratified into quartiles based on the degree of vascular remodeling measured morphometrically. Interestingly, a similar number of profiles of plexiform lesions were detected in the lungs of IPAH-and APAH-CVD-like patterns irrespective of the degree of morphometric remodeling observed in the intima, media, or adventitia fractional thickness ( Figure 9 ).
Specific histopathological features, such as intima, media, and adventitia fractional thickness and the number of profiles of plexiform lesions, varied remarkably among PAH cases and within the pathological-pattern groups. This marked variability was also seen in different areas sampled within any particular lung. The coefficient of variance was calculated to express the heterogeneity encountered (Figure 10, Figure E10 ). The variability was greatest for the intima layer thickness. No correlations were detected between the coefficient of variance for average number of profiles of plexiform lesions compared with the coefficients of variance of intima or media fractional thickness.
Perivascular and interstitial inflammatory infiltrates were observed in all pathological patterns of PAH (Figure 11 ). These infiltrates were predominantly composed by mononuclear cells, consistent with lymphocytes, with a minority of macrophages and neutrophils, as previously reported (17) . Perivascular inflammation score ( Figure E11 ) correlated with intima plus media (P , 0.05) and adventitia (P , 0.05) fractional thickness and a trend toward correlating with mPAP (P ¼ 0.075) (Figure 12 ). We found no correlation of perivascular inflammation score with PVR, media fractional thickness, or with the number of profiles of plexiform lesions ( Figure E12 ). Interstitial inflammation did not correlate with any of key hemodynamic and morphometric parameters (data not shown).
In 20 cases (32%) of PAH, we noted focal remodeling of intraseptal veins consisting of thickening of media and/or intima, including one case with focal occlusion of the lumen ( Figure E13 ). There were no correlations between venous remodeling with intima, media, or adventitia fractional thickness or the number of profiles of plexiform lesions ( Figure E14 ).
Correlation of Morphometric Assessment of Pulmonary Vascular Remodeling with PAH Therapies
All patients with PAH were treated with at least one of the currently recommended medications for PAH. Most patients with PAH (including within histopathological pattern groups) received combination therapy ( Figure 13 ). Prostacyclin treatment correlated positively with the average number of profiles of plexiform lesions ( Figure 13D ). No further correlations were observed when comparing specific medications and the other morphometric measurements, including perivascular inflammation ( Figure E15 ).
DISCUSSION
We show that the largest collection of lungs with PAH studied in the era of modern therapeutics for pulmonary hypertension shares many of the pathological features of pulmonary vascular remodeling as described over the past 20 to 30 years. Our relatively large sample size allowed us to quantitatively assess key morphological parameters despite the extensive degree of morphological heterogeneity observed within individual lungs and among lungs with IPAH and APAH-CVD-like patterns. Our study also reveals important new findings, including the potential for pathological subphenotypes and marked interstitial and, most importantly, a significant perivascular inflammation in numerous PAH lungs. Our data therefore provide a window into the pathology of pulmonary hypertensive disease in a large cohort of patients with advanced disease, treated with modern medical therapeutics, followed in specialized centers and subjected to lung transplantation.
Our sampling and morphometric approaches to quantify key pulmonary vascular alterations are unique when compared with prior studies. The latter lacked consistent sampling strategies, analyzed only a few fragments of tissue, and/or did not apply quantitative measures to assess pulmonary vascular remodeling (3, 4, 6, 9, 10). Our approach revealed that the primary differences between the PAH and control groups reside largely in the intima and in the intima plus media thickening; moreover, plexiform lesions were only detected in PAH lungs (in 90% of the PAH cases). Of note, media fractional thickness, albeit statistically increased in PAH lungs compared with control lungs and correlated with PAP and PVR, was largely superimposable with the range of media fractional thickness measured in normal pulmonary arteries. In a study by Chazova and colleagues (11) , the closest study to match our approach, a 25 to 30% media fractional thickness was reported in IPAH lungs as compared with 5% in the control group. As medical therapy for these patients was not listed, it is unclear whether our findings represent a true effect of PAH medications or if it can be explained by our experimental design, including systematic sampling or detailed morphometric approaches, leading to a more thorough assessment of pulmonary media remodeling.
In addition to comparing all PAH lungs representative of the World Health Organization group 1 classification with control lungs, we performed a detailed analysis of histopathological patterns, subsequently correlated with the underlying clinical causes of that specific pattern. No morphometric differences were noted among IPAH, PAH-CHD, and drug-related IPAH. Despite a low number of patients with BMPRII mutations, we noted that these lungs had a more pronounced intima remodeling than those without the mutations; these results are in agreement with the findings of increased pulmonary artery pressures in patients with BMPRII mutations (18) . Of note, the occurrence of BMPR2 mutation was lower (1 in 35) in IPAH with no family history than the 10 to 20% incidence previously reported in sporadic IPAH (19) .
Our data indicate the possibility that patients present with subphenotypes of pulmonary vascular remodeling, all of which are associated with systemic levels of pulmonary artery pressures and elevated pulmonary vascular resistance. This was supported by the finding that a significant number of lungs with IPAH-and APAH-like patterns showed intima, media, and adventitia fractional thickness overlapping with the control range, yet with a similar number of plexiform lesion profiles as those with more severe remodeling. Conversely, we found that 6 of 28 normal lungs had pulmonary vascular remodeling similar to PAH lungs, albeit without plexiform lesions. Two important diagnostic and pathogenic implications can be inferred from these observations. The fact that plexiform lesions may occur in patients with IPAH and APAH despite the lack of alterations involving vascular compartments occupied by smooth muscle cells (intima and media) does not support that the sequence of remodeling outlined by Heath and Edwards for PAH associated with congenital heart malformations applies to IPAH or APAH (3). Notwithstanding their advanced clinical stage, patients with PAH had marked variability in their manifestations of smooth muscle cell-based remodeling process in the pulmonary arteries. These findings suggest that PAH may be heterogeneous in the relative involvement of the pulmonary vascular cells and the types of vascular lesions underlying the disease.
Our findings support that perivascular inflammation may significantly impact pulmonary hemodynamics in PAH, as the extent of inflammation was found to be more exuberant than reported in earlier series (17, 20) . One hypothesis is that perivascular inflammation may be affected by the therapies instituted in the last 20 years, notably of prostanoids (21, 22) . We were, however, unable to distinguish any single therapy as significantly associated with altered interstitial or perivascular inflammation (see online supplement).
The pathophysiology of IPAH and APAH remains unclear. Vasoconstriction is an important element in pulmonary hypertension, yet its role as the inciting event or as complication of pulmonary vascular remodeling has not been elucidated. The prevailing hypothesis underlying the pathogenesis of pulmonary hypertension supports a key role for the uncontrolled growth of vascular cells leading to pulmonary vascular remodeling (14) . It is difficult, however, to establish a mechanistic hierarchy among the elements of pulmonary vascular remodeling, as we found a lack of correlation among quantitative parameters of pulmonary vascular remodeling, including number of profiles of plexiform lesions, in PAH. It is possible that, with advanced disease, maximum vascular remodeling is achieved, notably involving intima, obscuring differences in the frequency of specific vascular lesions that may indicate potential involvements in the initiation and progression of disease.
It is important to highlight specific aspects and limitations of our experimental design, which may have impacted on the overall Figure 12 . Correlation of the average perivascular inflammation score with (A) intima plus media fractional thickness (P ¼ 0.042, R ¼ 0.259), (B) adventitia fractional thickness (P ¼ 0.030, R ¼ 0.275), and (C) mean pulmonary arterial pressure (mPAP) (P ¼ 0.075, R ¼ 0.228) in pulmonary arterial hypertension (n ¼ 62). The measurement of the average perivascular inflammation score is described in the online supplement.
significance and interpretation of our data. Most importantly, our patient cohort may be in a stage of disease unresponsive to current therapies. Although the use of current pharmacotherapies for PAH did not lead to significant segregation of the pathology in our cohort, it is conceivable that patients who respond to these therapies may show effects of specific pulmonary vascular remodeling not captured by our study. The patients in our study were enrolled in well-established lung transplant programs for highly variable intervals and therefore subjected to recruitment bias. Our lung sampling approach was designed to maximize tissue harvesting for histology and, importantly, for modern molecular studies reliant on high-quality preservation of macromolecules. The findings of this study cannot be extended to pulmonary vascular and interstitial alterations present in the whole lung because our sampling was not random. Furthermore, as our sampling was not randomized in three dimensions, we were not able to assess remodeling parameters related to length and surface, therefore limiting our assessment of pulmonary vascular remodeling. Moreover, these approaches may allow answering if there is true vascular rarefaction in PAH, as suggested by casting or imaging studies. It is therefore pressing that insights into early disease be developed and future studies incorporate sound stereological approaches using systematic, uniform, and random sampling for correct mapping of the vascular alterations present in PAH (23) (see online supplement).
In conclusion, our study underscores key aspects of pathological heterogeneity and important findings of intima thickening and perivascular inflammation in PAH lungs. It also provides a dataset that may guide investigators in the field on how to understand potential caveats in using human tissue for translational studies in PAH research, notably of tissue and patient heterogeneity, which may impact the data and their interpretation. Furthermore, the pathological subphenotypes may inform of potentially relevant pathogenic processes and novel therapeutic interventions that may advance standard of care for PAH.
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